A simple one-dimensional model that can evaluate the transport and fate of nitrogen in wetland soil-vegetation systems was developed to calculate the nitrogen-removal efficiencies of reed-bed wetlands. A common wetland plant, Phragmites australis, was the focus of this study. Seasonal variations of temperature, seasonal changes of nitrogen uptake by vegetation, the vertical distribution of root biomasses and oxygen transport into the soil by vegetation were considered in the model. Field observations were conducted to determine some model parameters and to validate the model, although most of the parameters were adopted from data published in Europe and North America. Field observations were carried out at the Minuma-Tanbo wetland (35852 0 N, 139843 0 E) in Japan. The calculated concentrations of NH 4 -N in the soils were about 10 times larger than those of the observational results. On the other hand, calculated NO 3 -N concentrations were about half of the observational data. However, the calculated nitrogen-removal efficiencies indicated the same trends as previous studies. It was found that the hydraulic loading rate played a key role in relation to nitrogen removal and nitrogen transformation in reed wetland systems.
Introduction
For several decades, eutrophication has been one of the most important water quality issues for Japan's estuaries. Eutrophication of the fresh water environment is induced by the recent heavy loading of nutrients such as nitrogen and phosphorus, which reduces the value of water as a resource and for recreation. To solve this problem, a water treatment system using vegetated wetlands is considered a sustainable and nature-friendly technique. The common reed Phragmites australis, an emergent macrophyte, is not only an ecologically beneficial plant, but also has a good water purification capability and can be used in free-surface and sub-surface water treatment systems. A large number of wetland treatment systems planted with P. australis are currently operated all over the world (Kadlec and Knight, 1996) .
Constructed wetlands have been used extensively to treat various types of wastewaters. It is important to determine the optimal size, type and operation methods in the design stage because these factors have a great effect on treatment efficiencies. Mathematical models are useful decision tools that have been found effective in the design process. Although Kadlec and Knight (1996) introduced some simple models for estimating treatment efficiencies of constructed wetlands, most of them were black box-type models. The roles of nutrient dynamics in the soil and seasonal changes of plant growth and temperature were not included in the models. Because wetland water purification capacity is defined by the mass budget of the water, soil and plant systems, it is necessary to consider the mechanism of the model. Accordingly, we focused on the relationship between the dynamics of P. australis and the nitrogen process in the soil that is generally discussed in water-treatment efficiencies. In this study, a simple one-dimensional soil nitrogen dynamic model was considered with seasonal variations of temperature and plant growth. Field observations were conducted to observe nitrogen concentrations in soils at a natural site. Some model parameters were estimated from the observation data. Other model parameters were adopted from the literature (Reddy and Patrick, 1984; Martin and Reddy, 1997) . The observational data were compared with model calculation results, and the applicability and problems of the model are discussed. Finally, the nitrogen-removal efficiencies of the wetland were evaluated.
Method

Reed-wetland soil nitrogen model
The model consists of two main parts: one is the sub-model to estimate the nitrogen uptake rate of P. australis (N uptake model), and the other is the sub-model to calculate nitrogen transportation and transformation in the soil (N dynamic model). Nitrogen in the soil was divided into five state variables described by Martin and Reddy (1997) : particulate organic N (PON), water soluble organic N (SON), ammonium N (NH 4 -N), nitrate N (NO 3 -N) and vegetative litter N. The unit [g-N/m 2 -layer] was applied to the amount of nitrogen in the soil. The N uptake model was developed from the growth dynamics model of P. australis (Asaeda and Karunaratne, 2000) to describe the daily nitrogen uptake from and oxygen supply to the soil by P. australis. In this model, the nitrogen uptake rate was considered to relate to the production rate of P. australis and applied as a sub-model in the growth dynamic model. For this purpose, aboveground production previously described in the literature Asaeda, 2002, Yutani et al., 2004) was used as input data to the growth dynamic model, and the daily photosynthetic production rate was estimated. Then, the daily production rate was compared with observational data of the daily nitrogen accumulation rate, and the correlationship was obtained as equation (1) 
nitrogen uptake rate ½g=m 2 =d ¼ 0:0047 £ photosynthetic production rate ½g=m 2 =d ð 1Þ
The ammonium and nitrate nitrogen uptakes in each layer (explained later) were related to the concentrations of nitrogen and root biomass (equations (2) and (3) 
where vegupNH4 (i) and vegupNO3 (i) are the rates of ammonium and nitrate nitrogen uptake per hour per layer, Ndemand is the nitrogen uptake rate (g/m 2 /h) calculated by equation (1), rootrate (i) is the ratio of existing root biomass (root biomass in the i-th layer/total root biomass), and [NH4 (i) ] and [NO3 (i) ] are the concentrations of ammonium and nitrate nitrogen in the i-th layer, respectively. The ammonium and nitrate nitrogen uptakes in each layer were related to the concentrations of nitrogen and root biomass (equations (2) and (3)). (i) represents the value in the i-th layer. Martin and Reddy (1997) analysed one-dimensional nitrogen transportation and transformation in the wetland soil by dividing it into four layers: water, aerobic soil, anaerobic soil affected by plant roots and anaerobic soil without plant roots. Enzyme hydrolysis of organic nitrogen, mineralisation, nitrification, NH 4 -N adsorption and desorption, NH 3 -N volatilisation, denitrification, and vegetative uptake and decay were considered in their model. However, seasonal variations of temperature and nitrogen uptake by vegetation were not considered, so the model was not adequate to calculate seasonal changes of nitrogen in the wetland. Therefore in this study, the nitrogen transport and transformation models were slightly modified with consideration of the growth of P. australis and its ability to transport oxygen to the soil under seasonal variations of temperature.
The nitrogen transport and transform model consists of x layers, and each layer is allocated to a water layer, an aerobic soil layer or an anaerobic soil layer. The mass balance of the i-th layer is represented by the differential equations below (equations (4) to (7)). 
where K set , K enz , K min , K nit , and K den are the settling rate of PON, enzyme hydrolysis rate, mineralisation rate, nitrification rate and denitrification rate, respectively. The plant decay in the water and soil layer ad is represented as equation (8).
where veglitN is the concentrations of nitrogen in the plant litter and organic compound in the soil that were obtained from the field observations, K decay is the decay rate and u decay is the Arrhenius constant for K decay . f PON , f SON , f NH4 , and f NO3 are 1 in the water layer and 0 in the other layers. Fick's law was adopted to represent mass diffusive flux ( flux) between adjacent layers (Martin and Reddy, 1997) (equation (9) where storage (i) is the mass amount of the i-th layer, depth (i) is the thickness of the layer, D x(i) is the diffusion coefficient of nitrogen (SON, NH4 or NO3) and flowin and flowout represent inflow and outflow of nitrogen, respectively. Volatilisation of ammonia nitrogen depends on the pH, temperature and concentration (Martin and Reddy, 1997) (equation (10)).
where u vol is the Arrhenius constant for volatilisation and T is the temperature. The effects of adsorption and desorption on ammonium nitrogen on soil cations were modelled with a linear adsorption isotherm (Martin and Reddy, 1997) (equation (11)).
where partitionk is a constant related to the soil surface area and specrate is a specific constant for the time delay in the exchange. K enz and K min include the effect of temperature (equations (12) and (13)), and K nit and K den include the effect of temperature and the existence of P. australis roots (equations (14) and (15)) as below: 
where K enz20 , K min20 , K nit20 and K den20 are the K enz , K min , K nit and K den at 20 8C, and u enz , u min , u nit and u den are the Arrhenius constants. a root represents the effect of the plant root, and root biomass, rootbiomass, is calculated with the nitrogen uptake sub-model. The model was calculated numerically with a time step of 0.1 h, and the differential equations were simultaneously solved with fourth order Runge-Kutta methods. The thickness of the water, aerobic and anaerobic layers were set as 0.05, 0.01, and 0.05 m, respectively. The water surface and the deepest soil layer had no diffusive boundaries. Calculations were continued until stable results were obtained in the same conditions. Approximate values of field observation data by trigonometric functions were used for nitrogen concentrations of inflow waters. The parameters used in this model are shown in Table 1 .
Field observations in a natural wetland
Field observations of P. australis and wetland soil nitrogen in a natural wetland site were conducted to determine and validate some model parameters. Observations were carried out in 2003 at the Minuma-Tanbo wetland, a swampy site located about 30 km north of Tokyo. Shoot height and shoot density were observed once a month. Rhizomes and roots with shoots were excavated with a garden spade in an area of 0.125 m 2 up to a depth of 0.3 m. Although some rhizomes were deeper than 0.3 m, most of the roots existed in the top 0.15 m layer. Rhizomes and roots were cut into 0.05-m long segments with a sharp knife, and the dry weight of each was measured to investigate the vertical distribution of root biomasses in the soil.
Undisturbed wetland soils were removed up to a depth of 0.4 m with a handmade core sampler made of PVC tubing (56 mm diameter) and a vinyl bag. After sampling, the soil cores were immediately cut into 0.05-m deep segments and carried back to the laboratory in a cooler. Ammonium nitrogen, nitrate nitrogen, and total nitrogen concentrations of the soils were measured. Similarly, nitrogen concentrations in inflow water were measured five times a year. Because the outflow point was not known, nitrogen concentrations in outflow water could not be measured.
Results and discussion
Field observations and nitrogen up-take model Distribution of roots in soil. Most P. australis roots existed in the top 0.15 m of the soil layer (Figure 1 ). Based on this observation, the root distribution used in the model was assumed to exist up to 0.3 m deep in the soil and determined as in Figure 1 . Biomass of P. australis and nitrogen uptake. Figure 2 shows seasonal changes of shoot and root biomasses in P. australis obtained from field observation and calculations of biomass and nitrogen uptake. The observed seasonal changes of aboveground biomass were roughly represented by the simulation, but the maximum biomass season was delayed one month. The reason was thought to be that modelled climatic condition data were used for the calculation, although the air temperature in July 2003 was 3 8C lower than the average temperature during the past 20 years. Therefore, low air temperatures may have affected the growth of P. australis. On the other hand, the calculated root biomass represented the observation data fairly well; therefore, the N dynamic model was thought suitable for the calculation. Nitrogen uptake started simultaneously with shoot germination, increased with shoot growth and stopped with shoot maturity. Yamasaki et al. (1992) observed similar results, and it is thought that P. australis takes up a lot of nitrogen for growth in the early growing stage.
Field observation of soil nitrogen and verification of model. The total nitrogen concentration in soil showed no significant difference in the vertical direction, and a significant seasonal change of soil nitrogen concentration was also unconfirmed. Therefore, the total nitrogen concentration was set as a constant vertically and seasonally in the model. Figure 3 compares the observed soil ammonium and nitrate nitrogen with the model outputs. Although soil nitrogen was analysed in 0.05-m deep segments, the observed nitrogen concentrations were integrated from the soil surface to 0.25 m belowground for easy understanding of seasonal changes. The calculated ammonium nitrogen concentrations were about 10 times larger than those of the observed data. It was thought that the PON production rate was overestimated compared with natural conditions, or that it was difficult to interpret the seasonal change trends of ammonium nitrogen under widely varied observation data. It implies difficulties in analysing inhomogeneous natural vegetated wetland soil with plants. The calculation results for the concentrations of nitrate nitrogen were about half of the observational data, and more relatively approximated the observational data in comparison with ammonium nitrogen. Although the seasonal variation of nitrate nitrogen is clearer than that of ammonium nitrogen, the seasonal trend is a little complex because it reached a minimum in July, a maximum in September, and returned to a small value in October. More efforts are needed to improve the accuracy of the analysis on this point.
The vertical distributions of observed and calculated ammonium and nitrate nitrogen concentrations in March, June, September and October are represented in Figure 4 . The nitrogen is shown as the amount in a 0.05 £ 1 £ 1 m soil block. The concentration of ammonium nitrogen observed in shallower soil was higher or almost constant. In general, it is known that ammonium nitrogen concentrations in unvegetated lakes or wetland sediment are lower in shallower soil than in deeper soil (Reddy and Patrick, 1984) , but the opposite trends were observed in this study. The reason is supposed to be that the accumulated, easily-decomposable plant litter near the soil surface produces ammonium nitrogen and increases the concentrations.
Nitrate nitrogen concentrations in unvegetated lakes or wetland sediment are higher in shallower soil and lower in deeper, contrary to ammonium nitrogen (Reddy and Patrick, 1984) . A similar trend was observed in March when P. australis did not start growing. However, in the model calculation, nitrate nitrogen was present in the deeper soils and the maximum concentration appeared at around 0.2 m depth. This is because the ability of P. australis to supply oxygen to the soils, regulated by a root , was a fixed constant in this model throughout the year. However, comparing the observed data with the calculated results in March suggests the oxygen supply from roots in P. australis to soils varies seasonally. Further, the actual phenomena of oxygen loss from roots might be proportional to the surface area of the roots, although we assumed the oxygen supply from roots were proportional to the root biomass. Many thin roots existed in the top 0.1 m soil layer, and this might affect the results. Moreover, the observed wetland was sited near a rice field, and therefore the water level sometimes subsided to around the soil surface. There is the possibility that such seasonal changes in the water level affected the observed ammonium and nitrate nitrogen concentrations.
Calculation of wetland nitrogen-removal efficiencies using the model. Ten onedimensional models were connected in series, and a virtual 1 £ 10 m channel was developed. The wetland's nitrogen-removal efficiencies were calculated using the virtual channel. Water flowed only in the water layer, and nitrogen was transported by advection without diffusion. Inflow water conditions were adjusted to the average concentration of 10, 20 or 30 mg/L, and the hydraulic loading rate (HLR, equation (16)) was controlled by adjusting the flow velocity.
HLR ¼ Water volume of wetland Area of wetland £ Detention time ð16Þ
The calculation results were compared with the data in Hammer and Knight (1994) ( Figure 5 ). The calculated results show the same trend as the published data. Nitrogenremoval efficiencies were higher with a small HLR and saturated at a certain value, and lower with the smallest HLR because of the accumulation of decomposed nitrogen from plant litter and soil organics. The soil nitrogen concentration used in our model was considered to specify a saturation of nitrogen-removal efficiencies when the HLR was around 24. The calculation indicates that the existence of a different optimal HLR depends on the nitrogen concentration in the inflow water. Consequently, an optimal HLR for nitrogen removal in the wetland as a function of the nitrogen concentration in inflow water exists.
Conclusions
In this study, a one-dimensional model of reed-wetland soil nitrogen dynamics consisting of two sub-models, an N uptake model and an N dynamic model, was developed. The N uptake model represented the observed root biomass and calculated a high nitrogen uptake by a reed in its early growing stage. However, the N dynamic model did not represent observed results adequately. Thus, there are still some problems in combining a collection of model parameters and field data. Finally, the nitrogen-removal efficiencies of the wetland were calculated using a virtual channel developed by connecting 10 one-dimensional models. The channel model demonstrated the same trend as published data on nitrogen-removal efficiencies. According to the results, different optimal hydraulic loading rates exist, depending on the TN concentrations of the inflow water. We suggest that improving the precision of the one-dimensional model will make it possible to use the one-dimensional reed-wetland soil Hydraulic loading rate [cm/d] Figure 5 Calculation of nitrogen-removal efficiencies with different nitrogen concentrations in the inflow. Calculated results were compared with published data (Hammer and Knight, 1994) nitrogen model together with a one-or two-dimensional water flow model as a decision tool in the treatment wetland design process.
